Very high resolution seismic and magnetic investigations were carried out over a chemical munition dumpsite in the south-western Baltic Sea. The shallow geology was imaged in great detail on the seismic data and seven seismic-stratigraphic units were identified, related to different stages in the Holocene and late-glacial history. A large number of diapir-like features were observed that most likely represent fluid expulsion phenomena. Seismic and magnetic data indicate the presence o f a large number of buried objects. In most cases there is a good correlation between the two data sets. The objects are buried no deeper than 1-2 m. Their size varies between 1.5 and 5 m, occasionally up to 10 m. The data confirm the wide variety o f dumped war material ranging from bombs and shells to encasements and containers. The distribution o f the buried objects seems heterogeneous with locally high object concentrations surrounded by areas of lower object density. The results o f this case study demonstrate the benefit of complementary, concurrent geophysical investigations for munition dumpsite research. This will yield a better assessment o f the current status o f the dumpsite and possible ecological risks related to the dumped war material.
Introduction
After WW2 approximately 32000 tons o f chemical weapons, containing about 11000 tons of toxic agents, were dumped in the Bornholm Basin in the southern Baltic. The dumped material ranged from artillery shells and mines over aircraft bombs to containers and encasements. The main chemical agents included mustard gas, arsenic-containing compounds, and Adamsite. The dumpsite is located in the southern part of the Bornholm Basin, east of Bornholm, in water depths ranging from 70 m to over 96 m (Fig. 1) .
Two geophysical surveys were carried out in [2006] [2007] . Main objectives were the detection and identification of buried war material, and detailed imaging of the internal structure o f the dumpsite, including potential natural hazards with regards to the dumped weapons. During the survey in 2006 different seismic sources with a distinct frequency range were used simultaneously (multi-electrode sparker, Seistec boomer, parametric echosounder). One large-scale network (750 m line spacing) and two small-scale networks (50-100 m line spacing) were recorded. During the 2007 survey the parametric echosounder was deployed simultaneously with a deep-towed magnetic array. Two small dense networks were recorded with a profile spacing o f 10 m.
The magnetic array consisted of three highly sensitive cesium vapour magnetometers mounted on a triangular-shaped frame. Fast acquisition rate and low vessel speed resulted in a sampling interval of 15-20 cm. The array was towed at a constant depth of 4-5 m above the sea floor. Positioning on board was done using DGPS. Underwater positioning was done with a USBL system. The final positioning precision of the magnetic frame was roughly 5 m.
Internal structure o f the dumpsite
The shallow sediments were observed in high detail on the parametric echosounder data, deeper sediments were imaged on the sparker and boomer records. In total 7 different seismic-stratigraphic units were identified on the seismic data. The lowermost Unit 7 most likely represents pre-Quaternary deposits. Units 4 to 6 were interpreted as glacial and glaciolacustrine deposits. Strong erosive features were observed that are likely due to subglacial meltwater channels. Units 1 to 3 can most likely be linked to clay and mud deposits o f different Holocene stages (Yoldia Sea, Ancyclus Lake, Litorina Sea).
The seismic data were marked by a large number o f small diapir-like features, on average between 10 and 50 m wide and up to 15 m high. They are mostly buried but occasionally reach up to the sea floor (Fig. 2) . The features seem to originate in the glacial deposits o f Unit 6 and are most likely related to dewatering phenomena related to an increasing sediment load. These shallow fluid expulsion features may form a possible hazard in relation to the dumped weapons as they provide fast upward transport and spreading of the toxic compounds that may be leaking from the buried munition.
Shipwrecks
Four shipwrecks were identified in the dumpsite area. Some of the wrecks seem to be broken up. The length o f the wrecks varies roughly between 20 and 50 m for a width of 5 to 10 m. The wrecks are partly covered by a thin layer o f sediments (Fig. 3) . The average height above the sea floor is no more than 2 m. No marked scour features were observed near the wrecks. This seems to confirm the relatively weak bottom currents in the Bornholm Basin.
The vertical magnetic gradient data agree well with the acoustic data regarding size, shape and orientation of the wrecks. The magnetic data also indicate the presence o f a number of relatively large objects scattered around the shipwrecks, most likely detached wreck pieces (Fig. 3) . The objects were clearly visible on the parametric echosounder data.
Buried objects
A large number o f buried objects were identified. The objects are generally buried no more than 1-2 m below the sea floor (Fig. 4) . Their size varies on average between 1 and 5 m, occasionally up to 10 m. Most likely the objects have been gradually sinking into the very soft muddy sediments. In most cases the buried objects appear scattered, although locally clusters o f smaller objects can be observed. The sea floor above some of the larger objects is often deformed, showing pit-like structures. These are probably caused by the dumping impact.
The seismic and magnetic data showed good correlation. In most cases the detected objects on the magnetic data could also be traced on the echosounder records (Fig. 4) . However the depth estimates from the magnetic data proved to be generally over-estimated. This was probably due to the fact that during data inversion the assumption is made that the object is located exactly below the trackline. The only way to overcome this problem is to apply closer line spacing. The over-estimation of the burial depth also leads to over-estimation o f the magnetic mass.
Type and distribution o f objects
The high diversity, both in shape and in size, of the acoustic and magnetic anomalies suggests objects greatly varying in size, weight and shape. This confirms the existing information that a wide variety o f war material was dumped in Bornholm Basin. Small objects such as mines or small shells ( « 1 m) may not be easily detected acoustically. Large acoustic objects, most likely related to encasements and containers, did not always coincide with large magnetic anomalies. The latter is probably caused by the fact that these objects have a metal casing that is relatively thin compared to the stored toxic compounds which make up the largest part of the gross weight.
The object distribution differs a lot between the two seismic-magnetic networks (resp. density of 60 and 460 objects/km2, see also figs. 3 and 4). The low object density observed on the data could be due to the fact that very small objects are not detected, and objects that are located very close to each other may show up as one single magnetic anomaly. An advanced state of corrosion may also have reduced the detectability of the object. Nevertheless the results indicate that the distribution of war material in the Bornholm dumpsite area is very heterogeneous, marked by areas o f high object density alternating with zones where the objects are spread thinly. 
